To improve the power density and reliability of radial (RS-TLPMG) and quasi-Halbach (QH-TLPMG) magnetization tubular linear surface-mounted permanent magnet generators under realistic sea-state conditions, a novel tubular linear generator with multilayer interior permanent magnets (MI-TLPMG) for wave energy conversion is proposed and analyzed in this paper. Using finite element analysis (FEA), a comprehensive comparison of air gap flux density, flux linkage, back electromotive force (back-EMF), load, and no-load performance is investigated to verify the advantages of the proposed machine. The FEA results indicate that MI-LTPMG with a flux-concentrating effect has higher back-EMF, air gap magnetic flux density, flux linkage, and output power than do the other two machines. Finally, a prototype is manufactured and measured on the test platform and wave tank. The experiment and simulation results show a great agreement with each other.
Introduction
To overcome the challenges of fossil fuel exhaustion and environmental problems, various renewable and clean energy sources have been explored to enrich energy diversity in recent years. Among these sources, ocean waves have several advantages, such as substantial potential, greater predictability, and high energy density [1, 2] . Therefore, different wave energy converter (WEC) systems and concepts with high sea performance under realistic sea-state conditions are being proposed and established worldwide [3] [4] [5] . The types of WEC devices can be divided into three groups: oscillating water column, wave-activated bodies, and overtopping devices. Some of the WECs with hydraulic systems or air turbines might have a disadvantage in terms of the increased system complexity [6, 7] . The direct-drive WECs, which consist of buoys and linear generators, would be more efficient and simpler because the mechanical converter is removed [8] [9] [10] . The buoy's motion acts on the generator directly without hydraulic fluid, a turbine, or other media.
However, the wave energy in some sea areas has characteristics of low speed and frequency, which cause lower power density and require a large volume of linear generators in direct-drive WECs. Up to now, various linear generators and wave energy storage techniques have been proposed to improve the power density and efficiency for wave energy converters. Polinder [11] proposed the transverse flux machine for direct-drive WECs, resulting in the machine having high power density and efficiency. Despite the high shear stress, the generator suffers from a complicated structure and high manufacturing cost. Du [12] proposed a linear primary permanent magnet vernier machine for WECs, which has the advantages of high thrust force with a magnetic gearing effect. However, the power factor of the machine is low, which reduces the output active power. Liu [13] presented a tubular linear generator with quasi-Halbach permanent magnet arrays that were applied in a double-buoy wave power system. Vermaak [14] introduced an air-cored permanent magnet linear generator for WECs. The air-cored topology, which decreases the cogging force, will also reduce the output power. Magnetic-geared linear machines with the speed accelerating effect have been investigated and introduced to renewable power generation in recent years [15] [16] [17] . However, multiple movable structures in the generator make it complex to manufacture and reduce its stability and survivability on the ocean. Some wave energy storage systems and control methods has been proposed to improve the power density and reduce the volume of WECs [18] [19] [20] .
In this paper, a novel tubular linear generator which consists of multilayer and interior permanent magnets (MI-TLPMG) is presented. The purpose of this machine is to achieve high power density, high efficiency, and relatively small cogging force. First, the system configuration is introduced, and theoretical analysis and design parameters are illustrated in Section 2. Then, using Magnet-business software for finite element analysis (FEA) [21] -the detailed electromagnetic performances of MI-TLPMG are analyzed and compared with the optimized radial (RM-TLPMG) and quasi-Halbach (QH-TLPMG) magnetization tubular linear surface-mounted permanent magnet generators in the same volume in Section 3. In Section 4, a prototype is manufactured and measured in the test platform and wave tank to verify the FEA results. Finally, some conclusions are deduced in Section 5.
System Configuration and Numerical Analysis

System Description
Based on their location, WECs are classified into three subdivisions: onshore, near-shore, and off-shore. According to the depth of ocean, different types of WECs might achieve their best performance in terms of energy absorption. The main source of energy in the offshore WECs is the vertical force component of the waves [22] . Therefore, wave energy conversion systems with floating buoys and platform are preferred off-shore. This paper presents a floating platform WEC for the isolate grids, which includes a floating platform, buoys, MI-TLPMGs, antennas, radars, weather observer, and mooring system, as shown in Figure 1a . The platform can provide location, weather, and communication services for ships on the sea. More importantly, when an emergency occurs on the ship, rescue missions can be performed through radars on the platform. It can be seen that the translator of the MI-TLPMG is directly coupled to the heaving buoy by the shaft and the stator containing windings is mounted on the platform in Figure 1b . Incident waves excite both the buoy and platform in the vertical direction. Nevertheless, in comparison with the buoy, the motion of the floating platform, which is fastened by the anchor, is much smaller, and even could be assumed to be fixed with no motion. Therefore, when the buoy moves along with the waves, the translator will oscillate in the vertical direction. Then, windings mounted in the stator generate electricity. Several power take-offs (PTOs) surround the floating platform on the sea, and all of them supply power to the grid. This special design increases survivability and reliability under extreme weather condition. If some PTOs are destroyed or suffer accidents from ocean waves, the others will provide power to ensure the operation of equipment on the platform. Repair tends to be simple and convenient, and merely needs to replace the broken PTOs.
MI-TLPMGs on the platform supply all the equipment by extracting energy from the ocean waves and converting it into electricity. Figure 2 shows a cross section schematic, key geometric parameters, and a 3D structure drawing of MI-TLPMG. It consists of axial magnetization neodymium-iron-boron permanent magnets (PM), stator, translator, coils, auxiliary tooth, stainless steel shaft, and magnetic barrier. 
Theoretical Analysis
The theoretical analysis of the MI-TLPMG is simplified into a one-layer linear generator in the preliminary design stage to save time and reduce the complexity. For two-dimensional axisymmetric electromagnetic problems of MI-TLPMG, the magnetic field distribution is axially symmetric and periodic in the z direction. Therefore, the vector magnetic potential A only has the component A θ , and the magnetic field analysis can be divided into two regions: the air gap and winding space (region I) and the permanent magnets space (region II), as shown in Figure 3 . The governing equations in terms of the vector magnetic potential A θ are presented as follows [23, 24] : 
The theoretical analysis of the MI-TLPMG is simplified into a one-layer linear generator in the preliminary design stage to save time and reduce the complexity. For two-dimensional axisymmetric electromagnetic problems of MI-TLPMG, the magnetic field distribution is axially symmetric and periodic in the z direction. Therefore, the vector magnetic potential A only has the component A θ , and the magnetic field analysis can be divided into two regions: the air gap and winding space (region I) and the permanent magnets space (region II), as shown in Figure 3 . The governing equations in terms of the vector magnetic potential A θ are presented as follows [23, 24] : where M is the magnetization, µ 0 is the space permeability, and A Iθ and A Πθ are the vector magnetic potentials of region I and region II, respectively. With the consideration of the slot effect in linear permanent magnet machines, the Cater coefficient is applied to calculate the effective air gap as follows [25] :
where g = g + h m /µ r , τ s is the slot pitch, g is the length of the air gap, µ r is the relative permeability of the PM, and h m is the radial thickness of magnets. The slotting factor γ is described as follows:
where b 0 is the width of the slot openings. Therefore, the effective length g e of the air gap and the equivalent translator radius R se are given by:
where R s is the outer radius of the translator. The terminal voltage U c for a phase can be expressed as:
where R c is the phase resistance; i c and L c are the phase current and inductance, respectively; φ c is the flux linkage in the phase; and N is the number of coil turns per phase. The total iron loss in the machine comprises hysteresis and eddy current losses and is calculated as follows [26] :
where P Hyst is the hysteresis loss; P Eddy is the eddy current loss; P Iron is the total iron loss; B k is the magnetic flux density at frequency order k; N is the maximum frequency order; K h and K e are the hysteresis loss and eddy current loss coefficient; α, β, ζ and δ are empirical coefficients; V e is the volume of each element; and n is the number of elements. In this analysis, electromagnetic losses are considered as the combination of winding copper losses and distributed iron losses from FEA. Copper loss can be calculated by using
where P Copper is the copper loss and I rms is the effective value of the winding current. Frequency-dependent resistance changes are neglected in this study. The slow waves lead the generator to operate under the condition of low speed. Hence, the eddy current loss can be neglected. Finally, the efficiency of the generator in this paper is shown as follows:
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where P out is the total output power of the machine (W). The friction loss P Friction and windage loss P Windage are neglected in the following simulation studies because they only account for a tiny fraction of the total loss.
operate under the condition of low speed. Hence, the eddy current loss can be neglected. Finally, the efficiency of the generator in this paper is shown as follows:
where out P is the total output power of the machine (W 
Comparative Machines and Design Parameters
The rough size of the generator can be determined by the above electromagnetic analysis, but the precise model is analyzed by FEA. A series of physical changes are applied to the translator and stator geometry of MI-TLPMG to optimize the electromagnetic performance. Because the space and volume for the generators on the floating platform is limited, the purpose of the optimized design parameters is to output as much more power as possible in the same volume and meet the power supply requirement of the equipment on the platform. The work presented here gives a detail analysis of the considered machine, including maximizing the back-EMF, reducing the cogging force, calculating the loss and efficiency, etc. Some other performance investigations are fulfilled to obtain the final model. For a fair comparison, some rules and constraints are listed as follows:
1. The translator inner radius, stator outer radius, and armature length of the two machines are the same. Moreover, the two machines are designed and optimized to get the best electrical performance under the same ocean wave speed and load condition. 2. The material properties, i.e., permanent magnets, wire gauge, and iron type used in the translator and stator are also identical. The translator is made up of neodymium-iron-boron PMs (NdFe38M), with The cross-sectional diagram, key geometric parameters, and 3D structure schematic are shown in Figure 2 . The RS-TLPMG and QH-Halbach, which have been applied to WECs in [27] and [13] , are compared with MI-TLPMG in this paper. The crucial specifications and parameters of MI-TLPMG, RS-TLPMG, and QH-TLPMG are listed in Table 1 . 
1.
The translator inner radius, stator outer radius, and armature length of the two machines are the same. Moreover, the two machines are designed and optimized to get the best electrical performance under the same ocean wave speed and load condition.
2.
The material properties, i.e., permanent magnets, wire gauge, and iron type used in the translator and stator are also identical. The translator is made up of neodymium-iron-boron PMs (NdFe38M), with B rem = 1.24 T, µ r = 1.13, and H c = 8.76 KA/m. The material of the stator is steel Q235A, which is commonly used and has a high saturation point.
The cross-sectional diagram, key geometric parameters, and 3D structure schematic are shown in Figure 2 . The RS-TLPMG and QH-Halbach, which have been applied to WECs in [27] and [13] , are compared with MI-TLPMG in this paper. The crucial specifications and parameters of MI-TLPMG, RS-TLPMG, and QH-TLPMG are listed in Table 1 . 
Comparative Performance Analysis
Air Gap Magnetic Flux Density and Magnetic Field Distribution
Air gap magnetic flux density is a crucial parameter for the generator design and will affect the flux linkage of each winding. The magnetic field distribution on the no-load condition is depicted in Figure 4 . It can be seen that the flux lines pass through the magnet layers and concentrate in the air gap between the stator and translator. This flux concentrating effect will increase the magnetic flux density as shown in Figure 5a . The air gap magnetic flux density for MI-TLPMG is 0.75 T, which is improved about 1.56 times from the 0.48 T for RS-TLPMG and 1.27 times from the 0.59 T for QH-TLPMG. Similarly, the flux linkage amplitude of the MI-TLPMG is the largest among the three machines, and is about 2.3 times that of the RS-TLPMG, as shown in Figure 5b . Therefore, the performance of MI-TLPMG is much better than those of RS-TLPMG and QH-TLPMG in terms of both the air gap magnetic flux density and the flux linkage. 
Performance Analysis at a Constant Speed
Under real oceanic conditions, the speed of waves is not a constant value. Consequently, the direct-drive WEC system is a nonuniform motion. In order to facilitate the analysis of the generators, the speed of the translator is assumed to be a constant value in the initial design stage, i.e., 0.4 m/s. The back-EMF, load performance, output power, and efficiency of the three machines are investigated and compared by using FEA in this section. Figure 6b shows a high three-order harmonic existing in the phase back-EMF of MI-TLPMG. However, the three-order harmonic could be eliminated by employing star-connection armature windings as shown in Figure  6d . Then, from Figure 6c , it can be seen that the line back-EMF waveform of the MI-TLPMG is more sinusoidal and the total harmonic distortion (THD) of the back-EMF is less than 1.9%. 
Under real oceanic conditions, the speed of waves is not a constant value. Consequently, the direct-drive WEC system is a nonuniform motion. In order to facilitate the analysis of the generators, the speed of the translator is assumed to be a constant value in the initial design stage, i.e., 0.4 m/s. The back-EMF, load performance, output power, and efficiency of the three machines are investigated and compared by using FEA in this section. Figure 6b shows a high three-order harmonic existing in the phase back-EMF of MI-TLPMG. However, the three-order harmonic could be eliminated by employing star-connection armature windings as shown in Figure 6d . Then, from Figure 6c , it can be seen that the line back-EMF waveform of the MI-TLPMG is more sinusoidal and the total harmonic distortion (THD) of the back-EMF is less than 1.9%. In order to investigate the load performance of the machine, three-phase resistance and resistance-inductance loads were applied to MI-TLPMG. In order to investigate the load performance of the machine, three-phase resistance and resistance-inductance loads were applied to MI-TLPMG. Figure 7a shows that the maximum values of voltage and current are 17.5 V and 1 A, respectively, at the speed of 0.4 m/s. It can be seen that there is a phase offset of 20 degrees between the voltage and current waveforms for the load R = 12 Ω and L = 100 mH, as shown in Figure 7b . Moreover, the peak value of the Phase B is 17.2 V, which is much greater than other phases. The main reasons for this phenomenon are the windings arrangement and the armature reaction caused by the load current. For MI-TLPMG, Phase A and Phase C are arranged at the ends of the stator, whereas Phase B is at the center, as depicted in Figure 2a . Because of the finite stator, the magnetic flux lines that pass through Windings A and C are much less than through Winding B; hence, the values of induced phase voltage are smaller. Power density and force capability are key characteristics of linear generators for ocean wave energy conversion systems. Generally, if different generators are designed in an identical volume, the one which has higher power density will convert more wave energy into electricity at the same wave speed. In order to capture energy as much as possible, the power density must be enhanced. Figure 8a shows the output power values and efficiency at different resistance loads for MI-TLPMG, RS-TLPMG, and QH-TLPMG, separately. With the increment of the resistance load, the output power Power density and force capability are key characteristics of linear generators for ocean wave energy conversion systems. Generally, if different generators are designed in an identical volume, the one which has higher power density will convert more wave energy into electricity at the same wave speed. In order to capture energy as much as possible, the power density must be enhanced. Figure 8a shows the output power values and efficiency at different resistance loads for MI-TLPMG, RS-TLPMG, and QH-TLPMG, separately. With the increment of the resistance load, the output power of both machines decreases gradually, whereas the trend of efficiency is opposite. The maximum value of output power for MI-TLPMG is 46 W, which is about 3.3 times that of RS-TLPMG under the same volume in Figure 8a . On the full-load condition of 15 Ω, the output power is about 31 W. Based on Equation (11) in Section 2.2, the efficiency of the MI-TLPMG, RS-TLPMG, and QH-TLPMG can be obtained as follows. From Figure 8b , it can be seen that efficiency for MI-TLPMG is up to 88.3% when the resistance is 20 Ω. Figure 7 . The voltage and current waveforms of MI-TLPMG on the resistance and resistanceinductance load condition: (a) R = 18 Ω, (b) R= 12 Ω, L = 100 mH.
Power density and force capability are key characteristics of linear generators for ocean wave energy conversion systems. Generally, if different generators are designed in an identical volume, the one which has higher power density will convert more wave energy into electricity at the same wave speed. In order to capture energy as much as possible, the power density must be enhanced. Figure 8a shows the output power values and efficiency at different resistance loads for MI-TLPMG, RS-TLPMG, and QH-TLPMG, separately. With the increment of the resistance load, the output power of both machines decreases gradually, whereas the trend of efficiency is opposite. The maximum value of output power for MI-TLPMG is 46 W, which is about 3.3 times that of RS-TLPMG under the same volume in Figure 8a . On the full-load condition of 15 Ω, the output power is about 31 W. Based on Equation (11) in Section 2.2, the efficiency of the MI-TLPMG, RS-TLPMG, and QH-TLPMG can be obtained as follows. From Figure 8b , it can be seen that efficiency for MI-TLPMG is up to 88.3% when the resistance is 20 Ω. For wave energy converters, the electromagnetic force of the generators could influence the operation of the system. Therefore, the maximum force capacity of MI-TLPMG is analyzed under different armature currents as shown in Figure 9 . It can be seen that the electromagnetic force is in proportion to the armature current. For wave energy converters, the electromagnetic force of the generators could influence the operation of the system. Therefore, the maximum force capacity of MI-TLPMG is analyzed under different armature currents as shown in Figure 9 . It can be seen that the electromagnetic force is in proportion to the armature current. 
Performance Analysis at a Sinusoidal Speed
The above analysis is under the constant speed of 0.4 m/s for the purpose of simplicity; nevertheless, the motion of generators is complex and nonlinear in real WEC systems. The buoy designed for the experiment is cylindrical and moves along with the incident ocean waves in the vertical direction. As only the regular waves are applied, the wave height and period are assumed to be 
The above analysis is under the constant speed of 0.4 m/s for the purpose of simplicity; nevertheless, the motion of generators is complex and nonlinear in real WEC systems. The buoy designed for the experiment is cylindrical and moves along with the incident ocean waves in the vertical direction. As only the regular waves are applied, the wave height and period are assumed to be H = 2a and T = 2π/ω, respectively, where a and ω are the amplitude and angular frequency of the wave, respectively. The surface elevation equation of the incident wave can be described as
Consequently, the translator speed of the generator in an ideal situation, which neglects inertia, friction, wave reflection, and some other effects, is assumed as follows:
In the following experiment, a wave of H = 0.2 m and T = 1 s is adopted to measure the performance of MI-TLPMG. Hence, the corresponding sinusoidal speed v(t) = 0.628 cos(6.28t) is applied in the translator. It is known that the root mean square of this speed is 0.4 m/s, which was used in the previous constant speed analysis. Figure 10a shows the position and velocity of the translator in the ocean circumstance. The peak value of back-EMF is up to 32.4 V at the sinusoidal speed in Figure 10b . When the translator passes the zero point of position, the voltage reaches the maximum value and then decreases to zero gradually. 
In the following experiment, a wave of 0.2 H = m and 1 T = s is adopted to measure the performance of MI-TLPMG. Hence, the corresponding sinusoidal speed ( ) 0.628cos (6.28 ) v t t = is applied in the translator. It is known that the root mean square of this speed is 0.4 m/s, which was used in the previous constant speed analysis. Figure 10a shows the position and velocity of the translator in the ocean circumstance. The peak value of back-EMF is up to 32.4 V at the sinusoidal speed in Figure 10b . When the translator passes the zero point of position, the voltage reaches the maximum value and then decreases to zero gradually. Figure 11 shows the instantaneous output power of MI-TLPMG, RS-TLPMG, and QH-TLPMG for 2 Ω load at a sinusoidal speed of v(t) = 0.628 cos(6.28t). When the translator reaches the maximum speed, the peak output power values of the three generators are 55 W, 24 W, and 33 W, respectively. Therefore, the output power of MI-TLPMG is about 2.3 times that of RS-TLPMG. It is observed that the instantaneous output power is not a stable value because of the varying incident ocean wave speed. The poor-quality electricity cannot be used directly to supply the equipment and sensors on the floating platform. It must be modulated by AC-DC and DC-AC circuits, then ultimately meet the requirements of equipment in terms of voltage and frequency. maximum speed, the peak output power values of the three generators are 55 W, 24 W, and 33 W, respectively. Therefore, the output power of MI-TLPMG is about 2.3 times that of RS-TLPMG. It is observed that the instantaneous output power is not a stable value because of the varying incident ocean wave speed. The poor-quality electricity cannot be used directly to supply the equipment and sensors on the floating platform. It must be modulated by AC-DC and DC-AC circuits, then ultimately meet the requirements of equipment in terms of voltage and frequency. 
Cogging Force
Irregular air gap magnetic permeance, which is caused by the teeth-slot alternation and the finite stator length, gives rise to cogging force in the generator. This force brings about a serious mechanical vibration, which makes the generation more difficult to work, especially under the condition of low ocean wave speed. Furthermore, the speed fluctuation induced by the cogging force will make the output power quality much more difficult to utilize. Many methods have been applied to reduce the cogging force such as skewed PMs, semiclosed stator slots, pole-shifting, etc. [28, 29] . In this section, the optimization of the auxiliary tooth is applied to reduce the cogging force. The main geometric parameters of the auxiliary tooth, which have an impact on the cogging force, are the prominent length La, width Wa, and height Ha as shown in Figure 2a . Figure 12a shows that the cogging force changes significantly with values of La. The maximum value is up to 87 N while the prominent length (La) is 15 mm. It can be seen that the value of the cogging force is 26.5 N while La is 3 mm, which means 70% of the cogging force is reduced by changing the prominent length. Then, the width Wa and height Ha of the auxiliary tooth are changed synchronously and the results are shown in Figure  12b . It is observed that the optimal value of the cogging force is 9.5 N on the condition of Wa = 7 mm and Ha = 33 mm. Compared with the value achieved by optimizing La, the cogging force is about 3 times smaller. 
Irregular air gap magnetic permeance, which is caused by the teeth-slot alternation and the finite stator length, gives rise to cogging force in the generator. This force brings about a serious mechanical vibration, which makes the generation more difficult to work, especially under the condition of low ocean wave speed. Furthermore, the speed fluctuation induced by the cogging force will make the output power quality much more difficult to utilize. Many methods have been applied to reduce the cogging force such as skewed PMs, semiclosed stator slots, pole-shifting, etc. [28, 29] . In this section, the optimization of the auxiliary tooth is applied to reduce the cogging force. The main geometric parameters of the auxiliary tooth, which have an impact on the cogging force, are the prominent length L a , width W a , and height H a as shown in Figure 2a . Figure 12a shows that the cogging force changes significantly with values of L a . The maximum value is up to 87 N while the prominent length (L a ) is 15 mm. It can be seen that the value of the cogging force is 26.5 N while L a is 3 mm, which means 70% of the cogging force is reduced by changing the prominent length. Then, the width W a and height H a of the auxiliary tooth are changed synchronously and the results are shown in Figure 12b . It is observed that the optimal value of the cogging force is 9.5 N on the condition of W a = 7 mm and H a = 33 mm. Compared with the value achieved by optimizing L a , the cogging force is about 3 times smaller. 
Experiment Analysis
As shown in Figure 13 , an MI-TLPMG was manufactured to verify the results of the above analysis. The detailed specifications and key design parameters of the prototype are the same as those listed in Table 1 . Figure 13a shows a part of the stator with coils and the permanent magnet layers of the translator. The full view of the manufactured MI-TLPMG is shown in Figure 13b . 
As shown in Figure 13 , an MI-TLPMG was manufactured to verify the results of the above analysis. The detailed specifications and key design parameters of the prototype are the same as those listed in Table 1 . Figure 13a shows a part of the stator with coils and the permanent magnet layers of the translator. The full view of the manufactured MI-TLPMG is shown in Figure 13b. (a) (b) Figure 12 . The cogging force optimization of MI-TLPMG with mutative geometric parameters: (a) varying La; (b) changing Wa and Ha synchronously.
Experiments on the Test Platform
When the prototype was manufactured, the performance of MI-TLPMG was measured on the test platform. The test platform consisted of a motor, gearbox, crankshaft connecting rod, sensors, prototype machine, power analyzer, loads, etc., as shown in Figure 14 . The speed of the driving motor is too high to simulate the actual ocean wave movement. Therefore, a gearbox was applied in the platform to reduce the speed and enhance the output torque. Furthermore, the ocean wave is a linear motion while the motor is rotary. In order to translate the movement to linear motion, a crankshaft with a stroke of 0.2 m was used to connect the gearbox and prototype generator. This design makes the MI-TLPMG operate continuously at different sinusoidal speeds in the linear motion. 
When the prototype was manufactured, the performance of MI-TLPMG was measured on the test platform. The test platform consisted of a motor, gearbox, crankshaft connecting rod, sensors, prototype machine, power analyzer, loads, etc., as shown in Figure 14 . The speed of the driving motor is too high to simulate the actual ocean wave movement. Therefore, a gearbox was applied in the platform to reduce the speed and enhance the output torque. Furthermore, the ocean wave is a linear motion while the motor is rotary. In order to translate the movement to linear motion, a crankshaft with a stroke of 0.2 m was used to connect the gearbox and prototype generator. This design makes the MI-TLPMG operate continuously at different sinusoidal speeds in the linear motion. Table 2 lists the different periods adopted to produce sinusoidal speeds, which are used to analyze the performance of MI-TLPMG at various resistance loads. The measured three-phase back-EMF waveforms for MI-TLPMG at a sinusoidal speed of 0.63 cos(2πt) are given in Figure 15a . It can be found that the measured back-EMF waveforms have a great agreement with the FEA results in Figure 10b Figure 14 . The test platform of MI-TLPMG for wave energy conversion systems. Table 2 lists the different periods adopted to produce sinusoidal speeds, which are used to analyze the performance of MI-TLPMG at various resistance loads. The measured three-phase back-EMF waveforms for MI-TLPMG at a sinusoidal speed of 0.63 cos(2πt) are given in Figure 15a . It can be found that the measured back-EMF waveforms have a great agreement with the FEA results in Figure 10b Figure 14 . The test platform of MI-TLPMG for wave energy conversion systems. Table 2 lists the different periods adopted to produce sinusoidal speeds, which are used to analyze the performance of MI-TLPMG at various resistance loads. The measured three-phase back-EMF waveforms for MI-TLPMG at a sinusoidal speed of 0.63 cos(2πt) are given in Figure 15a . It can be found that the measured back-EMF waveforms have a great agreement with the FEA results in Table 2 .
Then, the performance of different sinusoidal speeds, as listed in Table 2 , with various loads was investigated on the test platform. Figure 16 Table 2 .
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Experiments in the Wave Tank
After the platform tests, an experiment was conducted in the wave tank to verify the feasibility of whether the designed MI-TLPMG could be applied in an ocean wave conversion system, as shown in Figure 17 . The length, depth, and width of wave tank are 50 m, 1 m, and 1 m, respectively. From a wave maker at the end of the tank, monochromatic waves with different heights and periods are produced to simulate the ocean waves. The stator of the MI-TLPMG was fixed by the steel frame, which was attached to the wave tank with bench clamps. Meanwhile, the translator was firmly connected to the buoy with a stainless steel shaft. Incident ocean waves drive the buoy and translator in the vertical direction; however, the stator remains stationary. Therefore, the relative speed between translator and stator induces electricity in the windings. The dimension and mass of the buoy are listed in Table 3 . The radius, height, and thickness were 0.3 m, 0.5 m, and 0.001 m, respectively. The mass of it, which was made up with stainless steel, was 11.7 kg. The height ratio between the buoy and wave was 0.5 while the wave height was 0.25 m. 
After the platform tests, an experiment was conducted in the wave tank to verify the feasibility of whether the designed MI-TLPMG could be applied in an ocean wave conversion system, as shown in Figure 17 . The length, depth, and width of wave tank are 50 m, 1 m, and 1 m, respectively. From a wave maker at the end of the tank, monochromatic waves with different heights and periods are produced to simulate the ocean waves. The stator of the MI-TLPMG was fixed by the steel frame, which was attached to the wave tank with bench clamps. Meanwhile, the translator was firmly connected to the buoy with a stainless steel shaft. Incident ocean waves drive the buoy and translator in the vertical direction; however, the stator remains stationary. Therefore, the relative speed between translator and stator induces electricity in the windings. The dimension and mass of the buoy are listed in Table 3 . The radius, height, and thickness were 0.3 m, 0.5 m, and 0.001 m, respectively. The mass of it, which was made up with stainless steel, was 11.7 kg. The height ratio between the buoy and wave was 0.5 while the wave height was 0.25 m.
After the platform tests, an experiment was conducted in the wave tank to verify the feasibility of whether the designed MI-TLPMG could be applied in an ocean wave conversion system, as shown in Figure 17 . The length, depth, and width of wave tank are 50 m, 1 m, and 1 m, respectively. From a wave maker at the end of the tank, monochromatic waves with different heights and periods are produced to simulate the ocean waves. The stator of the MI-TLPMG was fixed by the steel frame, which was attached to the wave tank with bench clamps. Meanwhile, the translator was firmly connected to the buoy with a stainless steel shaft. Incident ocean waves drive the buoy and translator in the vertical direction; however, the stator remains stationary. Therefore, the relative speed between translator and stator induces electricity in the windings. The dimension and mass of the buoy are listed in Table 3 . The radius, height, and thickness were 0.3 m, 0.5 m, and 0.001 m, respectively. The mass of it, which was made up with stainless steel, was 11.7 kg. The height ratio between the buoy and wave was 0.5 while the wave height was 0.25 m. In the experiment, the wave maker produced monochromatic waves with different periods and heights. The applied wave height H and period T were 0.25 m and 2 s, respectively. Figure 18 shows the three-phase back-EMF waveforms in a period of time. It can be seen that the peak value of the In the experiment, the wave maker produced monochromatic waves with different periods and heights. The applied wave height H and period T were 0.25 m and 2 s, respectively. Figure 18 shows the three-phase back-EMF waveforms in a period of time. It can be seen that the peak value of the waveforms is 14.4 V, which is less than the FEA-calculated result of 18.4 V. On the one hand, a main reason for this is that the floating buoy and waves are not at a perfect resonant state, which means that the wave energy could not be maximally absorbed and converted. On the other hand, the interaction between the waves and buoys in motion leads a part of wave energy to be lost in the form of breakers and the friction is neglected in the FEA calculation, which has been declared in the previous section. waveforms is 14.4 V, which is less than the FEA-calculated result of 18.4 V. On the one hand, a main reason for this is that the floating buoy and waves are not at a perfect resonant state, which means that the wave energy could not be maximally absorbed and converted. On the other hand, the interaction between the waves and buoys in motion leads a part of wave energy to be lost in the form of breakers and the friction is neglected in the FEA calculation, which has been declared in the previous section. 
Conclusions
In this paper, a tubular linear generator with multilayer interior permanent magnets, which is attractive for WEC systems, was presented, analyzed, manufactured, and tested in detail. Using finite element analysis (FEA), a comparative and exhaustive study among the proposed MI-TLPMG, RS-TLPMG, and QH-TLPMG was fulfilled. The analysis and experiments indicate that MI-LTPMG with Figure 18 . The three-phase back-EMF waveforms for the wave period and height of 2 s and 0.25 m, respectively, in the wave tank.
In this paper, a tubular linear generator with multilayer interior permanent magnets, which is attractive for WEC systems, was presented, analyzed, manufactured, and tested in detail. Using finite element analysis (FEA), a comparative and exhaustive study among the proposed MI-TLPMG, RS-TLPMG, and QH-TLPMG was fulfilled. The analysis and experiments indicate that MI-LTPMG with its flux-concentrating effect has excellent performance in magnetic flux density, flux linkage, back-EMF, and output power compared with RS-TLPMG and QH-TLPMG in the same volume. The cogging force of MI-TLPMG was minimized in order to reduce mechanical vibration. Finally, a prototype of MI-TLPMG was manufactured and measured on a test platform and wave tank. The experiment and simulation results show a great agreement with each other. Therefore, the proposed MI-TLPMG is feasible and suitable for WEC systems.
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